ABSTRACT: Differences in temporal and spatial hydrographic conditions, water circulation patterns derived from temperature-salinity properties, phytoplankton community composition and distribution were studied in 4 Ria systems (flooded tectonic valleys) in Galicia, NW Spain, from 18 to 21 September 1986. The Rias are affected by upwelling cycles which introduce nutrient-rich Eastern North Atlantic Water (ENAW). During upwelling relaxation periods, the Rias are prone to red tide outbreaks, especially during autumn. In the northern most Ria (Muros), after an upwelling event on 18 September followed by a weak downwelling, a low chlorophyll a (chl a) maximum occurred over the shelf which corresponded to the distribution of a large dinoflagellate/red tide species community identified by principal component analysis (PCA) and cluster analysis of species. This community was identified in all of the other Rias studied, but at different locations. With stronger downwelling on 21 September in the Ria de Vigo. Ria water and the chl a maximum were confined to the Ria interior, which corresponded to a shift in the large dinoflagellate / red tide community. The chl a maximum in all Rias was predominantly due to Heterosjqma carterae. The increase in Gymnodinium catenatum cell numbers, from the northern to the southern Rias, corresponded to stronger downwelling events. It is proposed that upwelling-downwelling sequences, enhanced by the presence of inlets and embayments acting as catchment concentration zones, are important mechanisms for generating red tide blooms in coastal upwelling systems.
INTRODUCTION
The increase in world incidents of paralytic shellfish poisoning (PSP) and diarrhetic shellfish poisoning (DSP), and the damage to aquaculture, appear to be due to a higher frequency of toxic red tides (Smayda 1990 ). The general conditions reported for red tide formation include eutrophication, upwelling, physical oceanographic events, pollution and climate (Blasco 1977 , Margalef et al. 1979 , Cullen et al. 1982 Moita 1993) . The stability of the water column and duration of the seasonal thermocline are important factors in influencing the spatial and temporal formation of red tide assemblages (Pingree et al. 1976 , Figueiras & Rios 1993 . Normally during late summer and after upwelling events, there is a mixing of the water column and nutrient enrichment of the photic zone, both of which favour diatom growth near the coast. Dinoflagellates increase over the shelf in more stratified and nutrient-poor water. With a change in wind direction, a downwelling event disrupts the diatom bloom, and if nutrient levels remain high in the nutricline, red tide organisms take advantage of the enriched environment (Figueiras & Fraga 1990 .
The Rias Baixas, situated off the northwestern coast of Spain (Fig. l) , are flooded tectonic valleys which function as positive estuaries (Fraga 1981 , Estrada 1984 and enhance the effect of coastal upwelling and downwelling through current bathymetry interactions (Blanton et al. 1984) . A strong atmospheric pressure gradient (Fraga & Bakun 1993) and equatorward winds along the coast (Castro et al. 1994 ) cause the upwelling of colder, nutrient-rich subsurface water between April and August (Wooster et al. 1976 , Fraga 1981 , McClain et al. 1986 ). During the rest of the year, south winds prevail which favour downwelling. After the upwelling season in September, followed by stable conditions, the Rias are prone to red tide outbreaks (Margalef 1956 , Fraga et al. 1988 , Figueiras & Pazos 1991 , Prego 1992 , Figueiras et al. 1994 .
Biological and hydrographical data were collected from transects in all of the Rias of Galicia during the Galicia IX cruise, from 4 September to 3 October 1986. It was found that normal conditions in the Ria de Vigo on 4 September corresponded to a light upwelling event (Fraga & Prego 1989 ), which did not distort the nutricline, and that the PSP agent Gymnodinium catenatum appeared at the mouth of the Ria de Vigo in low cell numbers (Figueiras & Pazos 1991) . Rain from 18 to 21 September coincided with a change in wind direction from north to south on 19 September, which altered the flow of coastal surface water by opposing the oufflow of Ria surface water. This resulted in a downwelling event at the mouth of the Ria and concentrated G. catenatum in the interior of the Ria. On 3
October, the re-establishment of positive circulation, a renewal of slight upwelling and some stratification favoured the blooming of this species, culminating in concentrations of more than 106 cells 1-' (Figueiras & Pazos 1991) . What remains unknown is, firstly, the mechanism of evolution of this red tide community within the 4 Rias Baixas, and secondly, more specifically, whether the downwelling event introduced G. catenatum from outside the Ria, or whether it had started to grow in the interior of the Ria, moved to its mouth during oufflow, and was then re-introduced as a consequence of downwelling.
This paper thus presents a spatial and temporal evolution of the phytoplankton communities, hydrographic conditions and water circulation patterns in all of the Rias Baixas before the red tide event, starting with phytoplankton assemblages and distributions in the Ria de Muros on 18 September and ending in a more advanced distribution on 21 September in the Ria de Vigo.
MATERIALS AND METHODS
During the Galicia IX cruise, on board the RV 'Garcia del Cid', samples were collected from 9 stations along 4 different Ria-to-shelf transects over a 4 d period from the Rias Baixas. The Rias of Muros, Arosa, Pontevedra and Vigo were sampled on 18, 19, 20 and 21 September respectively (Fig. l) , using 0.7 and 5.0 1 Niskin bottles with reversing Watanabe thermometers, at sample depths of 0, 5, 10, 20, 30, 40, 50, 60, 80, 100, 120 and 150 m, shelf depth permitting. Temperature was recorded from the Watanabe thermometers and corrected using the non-simplified equation of Ander- (1974) . Aliquots were taken from the Niskin bottles to determine the following hydrographic parameters; directly after sampling, nutrients were measured on board with autoanalysers. The reduction method to nitrites in a Cd-Cu column (Mourino & Fraga 1985) was used to determine nitrates, and the method of Hansen & Grasshoff (1983) for nitrite, phosphate and silicate determination. Ammonium was measured using the Grasshoff & Johanssen (1972) method. Chlorophyll a (chl a) was measured fluorometrically. Salinity was derived from Eq. (6) in UNESCO (1981) and conductivity measurements from an Autosal 8400A Salinometer calibrated with 'Standard Water', and temperature-salinity graphs were derived from the results. Density in kg m-3 minus 1000 (Gamma 9) was calculated using Eq. (9) in UNESCO (1986) . Geostrophic wind speeds were calculated at Cabo Finisterre 3 times a day at 6 hintervals from 17 to 21 September using pressure charts prepared by Instituto de Meteorologia, Madrid (Bol. Met. Diario. 17-21 September 1986) and the method described by Bakun (1973) . Cabo Finisterre represents an upwelling index reference point, where the index is assumed to be the same as all of the west coast of Galicia, including the Rias Baixas (Blanton et al. 1984) . Sea surface wind was estimated by rotating the geostrophic wind vector 15" to the left and reducing it by 30% to correct for frictional forces. The square law formula was employed to calculate sea surface stress using the following equation (Bakun 1973): where T is the stress vector, p, is the density of air, Cd is an empirical drag coefficient, and V, is the estimated wind vector near the sea surface with magnitude l V I.
An upwelling index was obtained for each 6 h interval by dividing T by the Coriolis parameter f (9.9 X 10-') which yields an estimate of the surface water flow per kilometer of coast. Average daily indices were calculated from the three 6 hourly values.
Phytoplankton samples were preserved in Lugol's iodine and sedimented in 50 m1 composite sedirnentation chambers. Diatoms, dinoflagellates flagellates and ciliates (oligotrichous and peritrichous) were identified and counted to species level wherever possible. Naked species which gave poor preservation in Lugol's solution were classified to the nearest genus or group when possible. Utermohl's (1958) technique was employed to count the phytoplankton species identified, using single transects at x400 and X 250 for small species and a scan of the whole slide at X l00 for larger forms. Firstly, organisms from all depths in the Ria de Vigo were counted. As would be expected, those depths with no detected chl a yielded very low numbers of phytoplankton. Thereafter, in subsequent Rias, samples were only counted when chl a was detected. BMDP programme Cluster Analysis (Dixon 1990) , and a Principal Component Analysis (PCA) based on correlation matrix were employed to evaluate the structure of the phytoplankton communities. In order to eliminate double zeros, the results present in more than 10, 20, 30 and 40% of the samples were processed. The PCA made with the species present in more than 20 % of the samples showed the greatest separation in communities, whilst still retaining a statistically significant number of species.
RESULTS

Hydrographic data
The Ria transects sampled are shown in Fig. 1 . Water density graphs, salinity charts (Figs. 2 to 5) and corresponding upwelling indices (Table 1) indicate the varying degrees of upwelling and downwelling found in the 4 Nas. Downwelling occurred on 21 (Index = -38) and 20 September (-26), whereas the most intense upwelling was recorded on 18 September (306). The density, salinity and nitrate charts for the Ria de Muros (Fig. 5 ) did not illustrate an upwelling event corresponding to the upwelling index calculated, but suggested a lag between wind action and water displacement. The low upwelling index calculated for Arosa (13) occurred during a prevalent easterly wind, interior of all Rias, where the effect of river runoff and ENAW was principally Tropical Eastern North Atlantic silicate leaching from granite river basins is greater Water, ENAWt .
Nitrate graphs (Figs. 2 to 5) show low concentrations (1 pm01 kg-') in surface layers of all Rias and down to 20 or 30 m. Domings in nitrate isolines occur over the shelf in all transects, and represent the enrichment of nitrate by ENAW, due to the remineralisation of organic matter (Fraga 1981) . Although nitrite levels were low in all Rias (max. 0.34 pm01 kg-' in Pontevedra), the hydrographic data showed that ammonium, silicate and phosphate levels were present in concentrations, which, in all probability, did not limit phytoplankton growth (data not shown). Ammonium values were higher in the interior of the Rias (4.31 pm01 kg-' in Vigo), increased in deeper layers and were lower 
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Sep (PBrez et al. 1992) . At all interior stations, values higher than 7.0 pm01 kg-' were present, with a maximum of 12.0 p 0 1 kg-' for Muros and a minimum of 7.04 p 0 1 kg-' for Arosa. Phosphate levels in the surface water of the Rias Baixas were low, but as might have been expected, maximum values occurred in the inner zone of the Rias due to the input from rivers. The highest values were recorded in Pontevedra (0.79 pm01 kg-') and the lowest in Muros (0.49 pm01 kg-').
From the temperature-salinity (T-S) sections shown in Fig. 7 and the hydrographic data in Figs. 2 to 5, general patterns of water circulation for Vigo, Pontevedra, Arosa and Muros (Fig. 8) were derived. The boundary layer between ENAW and Ria water showed high nitrate concentrations on the shelf floor. These concentrations (shaded area in Fig. 8 ) were higher than those corresponding to the ENAW (Fraga 1981) , indicating that the boundary layer is a zone of low mixing and slow circulation allowing accumulation of regenerated nutrients. The T-S plots for Vigo (Fig. 7) show that Stns 4, 7 & 8 had the same thermohaline properties. Stn 6, however, showed a warmer water body situated between 0 and 40 m, probably a branch of surface (Fig. 7) . The observed hydrographic structure could only be generated if the nucleus of water at Stn 4, isolated and unstable, had penetrated during a previous upwelling, as illustrated by the coinciding positions of the T-S lines for Stns 4 & 7 (Fig. 7) . This water body became confined to the interior of the Ria, turning cyclonically and blocking the outflow of Ria water. The interchange of surface Ria water was disrupted, and consequently became confined in a semi-closed circuit (Fig. 8) . Salinity graphs and T-S sections for Pontevedra (Figs. 3 & 7) illustrate the presence of ENAW from the shelf at Stns 6, 7 & 8, rising to 70 m at Stns 6 & 7. The crossing of the T-S lines derived for Stns 4 & 5 (Fig. 7) points to this region as a mixing zone due to downflowing of Warm Coastal Water, that blocked the outflow of water from the interior of the Ria. The ultimate result of this process is the formation of a less advanced serniclosed circulation as described for Vigo by Fraga & Prego (1989) . A maximum concentration of the chlorophyll in the Ria de Vigo (Fig. 2) . . (0.28 pm01 kg-') and phosphate (0.33 pm01 kg-'), but higher silicate (5.47 pm01 kg-'). In the Ria de Pontevedra (Fig. 3) , a lower chl a concentration at Stn 5 corresponds to a zone of mixing of coastal and Ria water, as described above. On the previous day in the Ria de Arosa (Fig. 4) , the chlorophyll maximum occurred over the shelf between Stns 5 & 7 coincidina with a decrease in the (0.08 pm01 kg-'), phosphate (0.07 pm01 kg-') and silicate (2.06 pm01 kg-') and
In Arosa, salinity and temperature graphs (Fig. 4) show the position of warmer and less saline water at offshore surface layers. The crossing of T-S lines (Fig. 7) at Stns 6 & 7 around 20 m indicates lateral mixing. The input of ENAW from deep shelf layers has a slight influence on the flow of coastal water, pushing it upwards.
In the Ria de Muros, open exchange exists between the passage of Ria water to the shelf (Fig. 8) . Weak downwelling was observed only at Stns 5 & 6 below 50 m depth (Fig. 5) . The input of ENAW, from the bottom of the shelf, mixes with the Ria water, pushing it upward towards Stns 8 & 9. As in the other Rias, there is a band of less saline water at the shelf surface layer down to 10 m, which extends from the south to this Ria, and probably moves northwards with the change in wind direction.
Taking into account the time (4 d) elapsed between sampling in Muros and Vigo, and since the motion of coastal water is derived from large-scale phenomena, it is possible that the water circulation patterns described for Muros could have been previously encountered in Vigo. Arosa and Pontevedra would then represent intermediate stages in downwelling formation.
Chlorophyll a
High chl a concentrations were found in surface layers down to 10 m in the interior of the Ria de Vigo (5.9 pg I-'; Fig. 2 ), and at shelf stations and in the intehigher levels of ammonium (0.36 pm01 kg-'). The position of this maximum correlates with the position of less saline water as in Muros (Fig. 5) , where higher levels of nitrate (0.68 pm01 kg-') and ammonium (1.26 pm01 kg-') are evident. Thus, in regions of high chlorophyll, nitrate and ammonium levels were low. In Muros, where the chlorophyll concentration was far lower, nitrate and ammonium levels were higher.
Phytoplankton distribution
A total of 302 species were identified from the 172 samples taken from the Rias Baixas: 84 species of diatoms, 144 dinoflagellates, 16 flagellates, 40 oligotrichous ciliates and 13 periotrichous ciliates. Although the greatest variation in species was in the dinoflagellates, the flagellates were the most abundant with more than l00 000 cells 1-' in some surface stations. The chl a maximum in the interior of the Ria de Vigo was dominated by the flagellate Heterosigma carterae, unidentified small flagelates, Thalassiosira nana, Rhodomonas sp. and Gymnodinium nanum. G. catenatum ranked 7th in the order of abundance at the chl a maximum. In the interior of the Ria de Pontevedra at Stn 4, H. carterae and unidentified small flagellates were the most abundant, with G. sirnplex and small Chaetoceros spp, showing secondary dominance. At shelf Stns 6 & 7, diatoms were most abundant and were dominated by Chaetoceros socialis, C. radians and small and medium centric diatoms. Unidentified small flagellates Cryptophyceae spp. and From the PCA analysis, PCA 20% (Table 2) yielded the highest variation between loads and thus the best separation between the communities. PCA 20 % explained 40 % of the total variation in 40 species selected from the samples. The first component, PC1, explained 22 %, PC2 explained 13 % and PC3 explained 6 % of the variation.
Of the 40 species included in this analysis, 26 had positive and 14 had negative correlations with PC1 (Table 2 ). High positive correlations were recorded for small and medium oligotrichous ciliate and dinoflagellate species. The distribution of the scores of this component (Fig. 9 ) correlate with the position of the chl a maximum in the interior of the Rias of Vigo and Pontevedra (Figs. 2 & 3 ). An association of unidentified small flagellates, Ceratium macroceros, C. tripos, Gymnodinium agiliforme and Proboscia alata, showed negative values, which coincided with the position of the chl a maximum at Pontevedra (Stn 6), Arosa (Stn 7) and Muros (Stns 7 & 8). PC1 therefore indicates differences between phytoplankton associations in the interior of the lower Rias Baixas and the exterior of the higher Rias.
Similarly, the cluster analysis (Fig. 10) yielded 2 clusters at the 40 % level. These broad-scale separations are nearly identical to those of the PC1 analysis, indicating that the community segregation was not solely a result of the analysis utilised. Only the grouping of Mesodinium rubrum, Ceratium furca and medium-sized Penotrichous spp. ciliates differed.
The PC2 analysis resulted in 38 species with positive correlations (Table 2) , defining a communitv of Ceratium horndum, Protoperidinium divergens, C. fusus and C. tripos principally, plus red tide species such as Mesodinium rubrum, Gymnodinium catenaturn and Heterosigma carterae at background levels.
High positive correlations are situated at Stns 4 & 5 of the Ria de Vigo (Fig. ll) , throughout Pontevedra with a maximum at Stn 6, in Arosa at Stns 6 & 7 and at the shelf stations of Muros. This community is an indication of a band of less saline water situated along the coast, produced by a change in wind direction, from P e r c e n t Similarity Index (Fig. 6) . The highest positive scores were recorded in Arosa. The abundance of these key species varies between the Rias. For example, data for the total number of species for each Ria (not included) show that Pontevedra has the highest number of C. horridum cells (20 108 cells 1-l) and Vigo the lowest (1922 I-' ). Similarly G. catenatum occurs in large numbers in Vigo (11 583 1-l) and is absent from Muros. Negative isolines (Fig. 11) represent the absence of this PC2 community, since only 2 species were recorded with negative loads.
Small peritrichous ciliates, Mesodinium rubrum, Strombidiurn turbo, Proboscia alata, plus small dinoflagellates exhibited positive correlations for the PC3 analysis (Table 2 ) in all interior stations of the Rias, with highest scores occurring in Pontevedra and Vigo (Fig. 12) . Predominantly negative correlations were recorded for diatoms, including Cosclnodiscus spp., Stauroneis membranacea and small Chaetoceros spp., which were situated mainly at the surface, but also in deeper layers at Vigo, Pontevedra and Arosa (Fig. 12) . Fig. 13 shows the surface distribution of the major phytoplankton associations derived from the PCA 20% analysis. A clear separation occurs between an interior Rias community (PC3 +) which extends over the shelf in Muros, and coincides with the position of Ria water (Fig. 6) . A shelf community of large dinoflagellates and red tide species (PC2 +) penetrates further into the lower Rias, and corresponds with a band of less saline water that extends north to south along the coast (Fig. 6 ). An offshore community of diatoms (PC3 -) is situated in front of the Rias of Vigo, Pontevedra and Arosa, and coincides with surface coastal water (Fig. 6) .
1981, Estrada 1984).
During upwelling, the chl a maximum becomes restricted to a narrow band off the Rias Baixas (Varela 1992) . Late summer normally favours the blooming of the diatoms Rhizosolenia delicatula, R. shrubsolei and Proboscia alata over the shelf (Varela et al. 1987) . Nitzschia seriata and Leptocylindrus danicus bloom in the interior of the Rias (Varela 1982 , Figueiras & Niell 1987 of the Ria, and become concentrated in the interior during downwelling. The data generated from the Galicia IX 1986 cruise indicates that the effect of upwelling and outflow before 18 September (Table 1) was the spreading of a community dominated by small ciliates, Proboscia alata, small dinoflagellates, throughout the surface water of the Ria de Muros and adjacent shelf. At offshore stations, a community of large dinoflagel- 
DISCUSSION
During the upwelling season, surface water moves north to south along the west coast from Cabo Finisterre (Fraga et al. 1982 , Blanton et al. 1984 , Castro et al. 1994 . In front of the Rias, upwelling is favoured by north winds from April to August, and a south wind during the rest of the year favours downwelling (Fraga - ciated water circulation caused downwelling and the establishment of a semi-closed circulation pattern in Pontevedra and Vigo on 20 and 21 September respectively. The small ciliate / P. alata / small dinoflagellate community became confined to the interior of the Rias of Vigo, Pontevedra and Arosa, and the large dinoflagellate/red tide species community was forced from the shelf towards the mouth of the Rias.
forms occurred in the interior of the Ria during downwelling, which was also described by Varela et al. (1991) and the shelf hosted larger dinoflagellates.
The growth of Gymnodinium catenatum thus occurred over the shelf and was initiated by a previous upwelling event, which did not break the water stratification (Figueiras & Pazos 199 1 a) . Upwelling followed by downwelling, which moved the species from the shelf to a favourable growth environment in the interior of the Rias, may prove to be an important mechanism in red tide formation in all coastal upwelling systems. Differences in the intensity of the bloom will exist, owing to the geomorphological structure of the coastline, where bays act as catchment zones for concentrating the red tide. Low cell numbers and chl a maximum in Muros on coast. Shelf. Sci. 14: [447] [448] [449] [450] [451] [452] [453] [454] [455] [456] [457] [458] 18 september was possibly due to the outflow of ~i~ Anderson, L. (1974) . Correction of reversing thermometers and related depth calculations in Baltic water. Medd.
water. The effect on phytoplankton was displacement Havsfiskelab. Lysekil. 166 and probably lower division rates owing to more tur- hydrographic conditions and chl a distributions, found in Muros, possibly occurred in the other Rias Baixas under the same hydrographic conditions. The temporal change observed from Muros to Vigo is probably the general sequence of each Ria, and slight differences in water circulation among the Rias will exist, due to their geographical position and topography (Tenore et al. 1982) . The distribution of the large dinoflagellate and red tide species (PC2 +) corresponds to the position of a less saline water body, shown in the salinity chart (Figs. 6 & 13) . The movement of the large dinoflagellate /red tide species community from the shelf into the lower Rias during downwelling on 20 September introduced Gymnodinium catenatum into a favourable environment for growing, with relatively high nutrient concentrations (especially ammonium) and strong stratification. Downwelling convergence at estuarine frontal boundaries and the confinement of a water body may provide regions of concentration and proliferation for red tide organisms (Margalef et al. 1979 , Tyler & Seliger 1981 , Anderson et al. 1982 . Smaller
